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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


•  PdCuBi  particles  were  fabricated  via 
substitution  and  self-adsorption 
processes. 

•  The  particles  possess  the  virtues  of 
core— shell  structure  and  surface 
modification. 

•  Peak  current  on  PdCuBi/C  for  EG 
oxidation  was  three  times  higher 
than  that  on  Pd/C. 

•  Catalytic  durability  of  PdCuBi/C  for 
EG  oxidation  was  greatly  improved. 
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Partial  substitution  of  Cu  by  Pd2+  ions  and  Bi3+  ion  self-adsorption  processes  are  used  to  fabricate  a  novel 
core— shell  PdCuBi  nanocatalyst.  X-ray  diffraction,  transmission  electron  microscope,  energy-dispersive 
X-ray  spectra  and  different  electrochemical  measurements  are  used  to  characterize  the  catalyst.  It  is 
exhibited  that  Pd  covers  Cu  outer  layers  in  the  substitution  reaction  and  Bi  modifies  Pd  surface  in  the 
adsorption  process.  The  peak  current  for  ethylene  glycol  electrooxidation  of  PdCuBi/C  (171.1  mA  cm-2)  in 
a  KOH  solution  is  almost  three  times  higher  than  that  of  Pd/C  (57.8  mA  cm-2).  Durability  and  tolerance 
towards  strongly  adsorbed  intermediate  poisoning  of  this  catalyst  are  also  improved. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  an  appealing  candidate  for  fuel  cell  applications,  ethylene 
glycol  has  attracted  much  attention  because  of  its  low  toxicity,  low 
membrane  penetration,  while  high  boiling  point  and  high  energy 
density  [1,2].  At  room  temperature,  ethylene  glycol  is  hard  to  be 
completely  oxidized  to  CO2  owing  to  the  difficulty  of  C— C  bond 
dissociation  [3,4].  However,  the  research  on  the  electrochemical 


*  Corresponding  author.  Tel./fax:  +86  591  2285  3916. 

E-mail  address:  wangyb@fjirsm.ac.cn  (Y.  Wang). 

0378-7753 /$  -  see  front  matter  ©  2013  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2013.10.083 


kinetics  and  reaction  mechanism  shows  that  the  electrooxidation 
reaction  of  ethylene  glycol  displays  high  activity  in  alkaline  me¬ 
dium  [5];  and  the  recent  development  in  alkaline  solid  membrane 
electrolyte  gives  a  great  potential  of  using  ethylene  glycol  as  a  fuel 
in  alkaline  fuel  cells. 

Pd  has  certain  catalytic  effects  on  alcohol  electrooxidation  in 
alkaline  medium  [6,7].  Besides,  Pd  is  much  more  abundant 
compared  to  Pt  on  the  earth  [8]  and  thus  the  Pd-based  catalysts 
have  an  advantage  in  cost,  which  facilitates  their  commerciali¬ 
zation  application.  However,  the  activity  of  Pd-based  catalysts 
should  be  further  enhanced  as  they  are  used  in  practical  fuel  cells. 
For  this  purpose,  uniform  nanocatalysts  with  large  surface  area 
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and  high  activity  per  unit  area  are  needed  to  design;  and  various 
approaches  were  proposed  to  achieve  these  conditions,  such  as 
size  control  [9],  surface  modification  [10],  shape  selection  [11], 
and  fabrication  of  hollow  or  core-shell  nanoparticles  [12,13].  So 
far,  most  of  previous  research  focused  on  the  single  factor;  while 
the  joint  action  of  two  or  more  factors  above  can  greatly  improve 
catalytic  activity.  For  example,  modification  with  other  active 
metals  on  core— shell  particle  surfaces  is  a  feasible  approach  to 
obtain  highly  active  catalysts.  Recently,  it  is  reported  that  Bi  [14] 
and  Cu  [15,16]  had  some  promoting  effects  on  the  catalyst  for 
electrooxidation  of  small  organic  molecules.  Bi3+  ions  can  modify 
Pd  surface  by  spontaneous  and  irreversible  deposition  processes 
[14,17],  which  is  so-called  Bi  ion  self-adsorption.  In  addition,  Cu 
can  be  easily  substituted  by  noble  metal  ions  [18].  In  this  work,  a 
simple  and  efficient  route  to  prepare  core-shell  PdCuBi  nano¬ 
particles  on  active  carbon  support  by  a  substitution  reaction  and  a 
self-adsorption  process  is  demonstrated.  The  electrocatalytic 
performance  of  PdCuBi/C  towards  ethylene  glycol  oxidation  was 
investigated,  compared  with  Pd/C  and  PdCu/C. 

2.  Experimental 

2.1.  Synthesis  of  catalysts 

Active  carbon  (Vulcan  XC-72R)  was  first  pretreated  with 
concentrated  HNO3  at  120  °C  for  1  h.  Then,  the  mixture  was 
neutralized  with  NaOH,  filtered,  washed  with  double  distilled  wa¬ 
ter  and  dried  overnight.  The  PdCuBi/C  catalyst  was  prepared  as 
follows:  90  mg  of  pretreated  Vulcan  XC-72R  carbon  and  118  mg  of 
CUSO4  5H2O  were  dispersed  in  a  mixture  of  water/ethylene  glycol 
(1/1,  volume  ratio)  under  stirring.  An  excess  NaBFU  solution  was 
added  to  reduce  Cu2+  ions  to  Cu  particles  and  the  reduction  reac¬ 
tion  was  conducted  for  1  h.  This  mixture  was  then  filtered,  washed 
and  dried  to  obtain  Cu/C  composite.  122.5  mg  of  Cu/C  was  dispersed 
in  50  ml  of  double  distilled  water,  and  3.4  ml  of  37.8  mM  H2PdCl4 
aqueous  solution  was  added  slowly  into  the  suspension  under 
vigorous  stirring.  The  galvanic  substitution  reaction  of  Pd2+  ions  to 
Pd  by  oxidizing  Cu  was  conducted  for  1  h.  Afterward,  0.32  ml  of 
18.9  mM  Bi(N03)3  was  added  very  slowly  into  the  solution  and  the 
adsorption  reaction  was  sustained  for  2  h.  Finally,  the  mixture  was 
filtered,  washed  and  dried  overnight.  The  PdCu/C  and  Pd/C  catalysts 
were  synthesized  via  the  same  method. 

2.2.  Physical  and  electrochemical  characterization 

The  X-ray  diffraction  (XRD)  patterns  of  the  catalysts  were  per¬ 
formed  using  a  Philip  X’Pert  Pro  MPP  X-ray  powder  diffractometer 
with  Cu  Ka  radiation  (A  =  1.5418  A)  at  a  scan  rate  of  2°  min-1  with  a 
step  of  0.02°.  The  morphology  and  energy-dispersive  X-ray  (EDX) 
analysis  of  the  catalyst  were  characterized  using  a  JEOL  JEM-2010 
transmission  electron  microscope  (TEM)  with  a  microanalyser 
whose  resolution  power  is  129  eV. 

The  electrochemical  measurements  of  the  catalysts  were  per¬ 
formed  using  a  CFII660C  electrochemical  working  station  (CFI  In¬ 
strument  Inc.).  The  mercuric  oxide  electrode  (Hg/FIgO/1  M  KOH, 
0.098  V  vs.  SHE  [  19])  and  the  mercury  sulfate  electrode  (FIg/FIg2S04/ 
0.1  M  FI2SO4,  0.615  V  vs.  SITE  [20])  were  used  as  the  reference 
electrodes.  A  Pt  foil  was  used  as  the  counter  electrode.  A  piece  of 
glassy  carbon  (0.1256  cm2)  covered  by  the  catalyst  was  used  as  the 
working  electrode.  For  the  working  electrode  preparation,  a  specific 
amount  of  the  catalyst  was  dispersed  in  a  suspension  of  15  pi  of 
15  wt%  Nation  solution  (DuPont,  USA)  and  985  pi  isopropyl  alcohol 
under  ultrasonic  stirring.  An  aliquot  of  the  slurry  was  spread  on  the 
polished  glassy  carbon  electrode  surface  and  the  electrode  was 


dried  at  80  °C  for  30  min.  The  total  Pd  loading  on  the  electrode  kept 
4  pg.  All  solutions  were  first  de-aerated  with  high  purity  N2  before 
measurements. 

3.  Results  and  discussion 

The  compositions  of  the  as-prepared  catalysts  were  analyzed 
by  EDX  spectra.  The  practical  Pd  loadings  in  PdCuBi/C,  PdCu/C  and 
Pd/C  catalysts  are  9.69  wt%,  10.38  wt%  and  20.7  wt%,  respectively. 
The  atomic  ratios  of  Pd:Cu:Bi  and  Pd:Cu  in  PdCuBi/C  and  PdCu/C 
are  1:1.23:0.02  and  1:1.09,  respectively.  The  Cu  content  is  lower 
than  its  initial  additive  amount  probably  because  partial  Cu  was 
oxidized  before  Pd2+  ion  substitution  and  then  the  Cu  oxide 
suffered  dissolution  in  the  acid  solution  during  substitution;  be¬ 
sides,  partial  substitution  of  Cu  by  Pd2+  also  results  in  a  decrease 
of  Cu  content  in  the  catalysts.  The  Bi  content  is  too  low  to  be 
determined  accurately,  however,  most  of  Bi  can  be  adsorbed  on 
Pd  surface  within  2  h  [14]. 

The  XRD  patterns  of  PdCuBi/C,  PdCu/C  and  Pd/C  catalysts  are 
shown  in  Fig.  1.  The  diffraction  peak  at  24.9°  is  corresponding  to  the 
(0  0  2)  plane  of  hexagonal  structure  of  Vulcan  XC-72  carbon  sup¬ 
port.  The  four  peaks  of  Pd/C  at  39.9°,  45.9°,  67.4°  and  80.8°  are 
assigned  to  Pd  (1 1 1 ),  (2  0  0),  (2  2  0)  and  (311)  planes  of  the  Pd  fee 
crystal  (JCPDS-ICDD,  Card  No.  46-1043),  respectively.  After  the 
substitution  reaction,  the  alloying  between  Pd  and  Cu  is  confirmed 
by  the  formation  of  PdCu  (111)  peak  at  40.9°  (JCPDS-ICDD,  Card  No. 
48-1551 ).  The  molar  fraction  and  the  alloying  degree  of  Cu  in  PdCu/ 
C,  determined  from  Vegard’s  law  [21,22],  are  0.237  and  28.5%, 
respectively.  This  result  indicates  that  part  of  Cu  was  not  alloyed 
with  Pd  and  it  may  exist  as  thin  and/or  amorphous  phases  on  the 
catalyst  surface  because  the  relevant  peaks  are  not  observed  in  the 
PdCu/C  pattern.  Bi  can  aggregate  on  the  Pd  particle  surfaces  via  the 
spontaneous  chemisorption  process  after  its  addition  [14].  The 
deposited  Bi  may  disperse  as  atoms  on  Pd  particle  surfaces  because 
its  content  is  very  low  compared  to  Pd;  and  this  dispersion  is  too 
thin  to  be  observed  in  XRD  analysis  in  Fig.  1. 

The  morphology  and  particle  size  distribution  of  the  as- 
prepared  PdCuBi/C  catalyst  are  displayed  in  Fig.  2A,  B  and  C.  As 
shown  in  Fig.  2A,  most  of  the  metal  nanoparticles  are  uniformly 
dispersed  on  the  carbon  surface.  Electronic  diffraction  (ED)  pattern 
(inset  in  Fig.  2A)  shows  an  obvious  ring  corresponding  to  the  PdCu 
(111)  lattice  plane,  proving  that  Pd  was  alloyed  with  Cu  in  the 
catalyst.  Based  on  the  statistics  of  360  particles,  the  average 
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Fig.  2.  (A)  The  low-magnification  TEM  image  of  PdCuBi/C  and  (B)  the  corresponding  particle  size  distribution;  (C)  the  high-magnification  TEM  image  of  PdCuBi/C;  (D)  EDX  line  scan 
of  a  typical  PdCuBi  particle. 


diameter  of  these  metal  nanoparticles  is  ca.  4.2  nm  in  Fig.  3B.  The 
high-magnification  TEM  image  shows  a  typical  PdCuBi  nano¬ 
particle,  and  the  EDX  pattern  confirms  the  particle’s  trimetallic 
nature  (Fig.  2D).  The  EDX  line  scan  was  conducted  to  analyze  the 
structure  of  the  PdCuBi  nanoparticle  and  the  scanning  direction  is 
depicted  as  the  white  arrow  line.  During  scanning  across  the  par¬ 
ticle,  the  Pd  content  rises  quickly  from  the  beginning,  while  the  Cu 
content  rises  steeply  at  about  2.2  nm.  This  phenomenon  is  char¬ 
acteristic  of  a  Cu@Pd  core-shell  nanoparticle.  The  Bi  distribution 
across  the  particle  keeps  low  and  uniform,  indicating  its  low  con¬ 
tent  and  the  adsorbed  layers  are  very  thin. 

The  electrochemical  measurement  data  are  shown  in  Fig.  3. 
The  coulombic  charge  (Q.)  for  PdO  reduction  after  deducting 
corresponding  background  in  the  inset  in  Fig.  3A  is  559,  705  and 
670  pC  for  PdCuBi/C,  PdCu/C  and  Pd/C,  respectively.  The  elec¬ 
trochemical  surface  area  (ECSA)  of  Pd  derived  from  Q.  [23]  is  33.0, 
41.6  and  39.5  m2  g-1  for  PdCuBi/C,  PdCu/C  and  Pd/C,  respectively. 
This  result  suggests  that  Pd  aggregates  on  the  outer  shells  of  the 
particles  and  Bi  occupies  part  of  Pd  active  sites.  The  anodic  cur¬ 
rents  for  the  dissolution  of  Cu  from  the  lattice  are  not  observed 
in  the  KOH  and  H2SO4  solution,  suggesting  that  Cu  was  located 
inside  the  particles  and  Pd  atoms  wrapped  the  particles.  The  Cu 
inside  the  particles  may  change  the  adsorption  properties  of 
outer  noble  metal  atoms  towards  small  molecules  [24,25],  thus 
enhancing  the  catalytic  activity  of  the  catalyst.  There  are  two 
clear  oxidation  peaks  at  around  -0.05  V  on  the  PdCu/C  and 
PdCuBi/C  catalysts  in  Fig.  3 A,  which  is  crucial  to  electrocatalytic 
oxidation  of  small  organic  molecules  because  it  facilitates 
removal  of  strongly  adsorbed  intermediates  via  a  bifunctional 
mechanism  [26].  Ethylene  glycol  electrooxidation  on  the  as- 


prepared  catalysts  is  shown  in  Fig.  3B.  The  oxidation  peak  cur¬ 
rents  of  PdCuBi/C,  PdCu/C  and  Pd/C  catalysts  are  171.1,  105.2  and 
57.8  mA  cm-2,  respectively.  Compare  these  values  with  the  ECSA 
above,  it  can  be  deduced  that  the  enhancement  in  inherent 
catalytic  activity  (depending  on  the  kinetics  of  the  reaction)  is 
the  main  reason  for  the  increased  peak  currents  of  Pd/C  after  Cu 
and  Bi  addition.  The  constant  potential  tests  in  the  1  M 
KOFI  +  0.5  M  (CFI2OFQ2  solution  were  used  to  further  evaluate 
durability  and  tolerance  towards  strongly  adsorbed  intermediate 
poisoning  of  the  as-prepared  catalysts  as  shown  in  Fig.  3C.  Note 
that  both  accumulation  of  poisoning  intermediates  on  catalyst 
surface  and  dissolution  of  metal  components  can  result  in  a 
decrease  of  current.  CV  after  constant  potential  tests  was  con¬ 
ducted  to  distinguish  these  factors.  It  is  found  the  peak  currents 
in  the  stable  CVs  (inset  in  Fig.  3C)  are  very  close  to  those  in 
Fig.  3B,  respectively.  Consider  that  dissolution  of  metal  compo¬ 
nents  normally  causes  an  unrecoverable  activity  loss;  the  main 
reason  for  the  decrease  of  currents  in  constant  potential  tests  is 
probably  not  dissolution  of  metal  but  accumulation  of  poisoning 
intermediates.  PdCuBi/C  catalyst  has  the  highest  initial  and  final 
currents  among  the  three  catalysts,  expressing  its  best  catalytic 
durability  towards  ethylene  glycol  oxidation.  The  anti-poisoning 
ability  of  the  catalysts  was  further  evaluated  by  linear  current 
sweep  curves  in  Fig.  3D.  It  is  obvious  that  the  PdCuBi/C  catalyst 
has  the  lowest  apparent  steady  potential  platform  and  the 
longest  polarization  time  of  613  s  at  the  point  of  steep  hop  in 
potential.  This  result  can  be  attributed  to  faster  dehydrogenation 
and  easier  removal  of  strongly  adsorbed  intermediates  on  Bi- 
modified  core-shell  PdCu  particle  surfaces  during  ethylene  gly¬ 
col  electrooxidation  [27]. 
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Fig.  3.  Cyclic  voltammograms  of  the  as-prepared  catalysts  in  (A)  1  M  KOH,  (inset  in  A)  0.5  M  H2S04  and  (B)  1  M  KOH  +  0.5  M  (CH2OH)2.  Scan  rate:  50  mV  s  \  (C)  Current-time 
curves  at  -0.1  V,  (inset  in  C)  CVs  after  constant  potential  tests  and  (D)  linear  current  sweep  at  0.16  mA  cm-2  s-1  of  the  as-prepared  catalysts  in  1  M  KOH  +  0.5  M  (CH2OH)2. 


4.  Conclusions 

The  novel  fabricated  PdCuBi/C  catalyst  in  this  study  possessed  the 
advantages  of  both  a  core-shell  structure  and  surface  modification. 
PdCu  nanoparticles  with  Pd-rich  outer  layers  had  more  active  sites 
compared  to  Pd/C.  The  additional  Cu  and  self-adsorbed  Bi  facilitated 
generation  of  oxygenated  species  on  the  catalyst  surface  and  thus 
enhanced  the  inherent  activity  of  the  catalyst.  The  PdCuBi/C  catalyst 
exhibited  very  high  catalytic  activity  at  171.1  mA  crrT2  towards 
ethylene  glycol  oxidation  in  alkaline  medium.  Durability  and  toler¬ 
ance  towards  strongly  adsorbed  intermediate  poisoning  of  the 
catalyst  were  also  greatly  improved  compared  to  Pd/C.  The  stability 
research  of  PdCuBi/C  during  a  long-term  use  in  fuel  cells  will  be 
carried  out  in  future.  The  excellent  performance  makes  the  PdCuBi/C 
catalyst  a  feasible  candidate  for  the  application  in  alkaline  fuel  cells. 
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